lular Pel proteins are secreted in a two-step process. Translocation across the inner membrane of Erwinia utilizes the secretion-dependent pathway, or general transport mechanism, whereas secretion through the outer membrane utilizes a pathway encoded by the out genes (He et al., 1991) .
Shared characteristics of a11 Pels include an alkaline pH optimum, the requirement of Ca2+ or divalent cations, the cleavage of ~~-1,Clinked polygalacturonate by a p-elimination mechanism, and the ability to macerate and kill plant tissue (Garibaldi and Bateman, 1971; Bateman and Basham, 1976; Rexová-Benková and Markovic, 1976) . Unlike most saccharidases, the Pels have an unusually high pH optimum, ranging from 8 to 10 (Kotoujansky, 1987) . The four Pel proteins of Erwinia chrysanthemi have a pH optimum between 8.9 and 9.5 (Barras et al., 1987) . AI1 Pels are Ca2+ dependent and require Ca2' for in vitro activity. The activity of the enzyme in the presence of other cations appears to vary between pathogens. Pels from Clostridium multifermentans exhibit some activity in the presence of Sr2+, Mn2+, Mg2+, and Ba2+ (Macmillan and Vaughn, 1964) . Pels from Erwinia aroideae are inhibited by Hg2+, Mg2+, and Ba2+ (Konno and Yamasaki, 1982) . Pels from Erwinia carotovora are inhibited by S? ' , Zn2+, Ni2+, Cu2+, Cd2+, Mg2+, and Mn2+ (Sugiura et al., 1984) . We are unaware of any published reports on the effect of lanthanide ions on Pel enzymatic activity. Lanthanide ions have been used successfully in crystallographic studies of Ca2+-binding proteins because they have similar ionic radii to Ca2+ and often substitute in Ca2'-binding sites (Colman et al., 1972; Blundell and Johnson, 1976) . The lanthanide ions are good probes for Ca2+; both prefer charged or uncharged oxygen donor groups to nitrogen donor atoms, both display variable coordination numbers, and both lack strong directionality in binding donor groups (Martin and Richardson, 1979) . The role of Ca2+ in Pel has not been conclusively established; however, to Crawford and Kolattukudy Plant Physiol. Vol. 107, 1995 (1987) the enzymatic behavior in the presence of Ca2+ suggested that the ion is needed by the polygalacturonate substrate to mimic the conformation of pectate found in the plant cell wall.
The Pel isozymes exhibit different saccharide cleavage activities. In E. ckrysantkemi EC16, PelA and PelE cleave polygalacturonate down to a dimer, whereas PelB and PelC cleave the substrate to a trimer (Preston et al., 1992) . Hotchkiss and Hicks (1993) also showed that the major end product of PelC enzymatic action is unsaturated trigalacturonate. They concluded that the oligogalacturonic acid with highest activity in physiological responses is an oligomer with more than seven saccharide units. No catalytic residues have yet been identified.
The first report of a three-dimensional structure of a Pel protein was PelC from E. ckrysanthemi (Yoder et al., 1993a) . PelC, one of the gene products from the pelBC gene family, contains 353 amino acids with a calculated mo1 wt of 36,676 (Tamaki et al., 1988) . The protein structure revealed a protein topology with a new type of structural domain. The protein structure was described as a parallel p helix and is composed primarily of parallel p sheets. The location of a Ca2+-binding site, as well as a substrate-binding site, was proposed based on electrostatic considerations. In this paper we report the refined structure of PelC, as well as the structure of PelC complexed with the Ca2+ analog, Lu3+, which acts as an inhibitor of in vitro Pel activity assays.
MATERIALS AND METHODS

Protein Purification and Activity Assays
PelC was purified from high-expression plasmid constructs of the pPEL410 gene, a pelC gene from Erwinia ckrysantkemi strain EC16 expressed in Esckerichia coli (Tamaki et al., 1988) . Enzymatic activity was determined by monitoring the change in A, , , of sodium polygalacturonate (Keen et al., 1984) . The assay solution contained 0.865 mL of 50 mM 3-[cyclohexylamino]-l-propane-sulfonic acid, pH 9.5,0.005 mL of 0.1 M CaC1, (or 0.1 M LuCl,), and 0.125 mL of 1% (w/v) sodium polygalacturonate (Sigma). The assay was initiated by addition of 0.005 mL of appropriately diluted PelC, and the A232 was recorded every 10 s. One unit of Pel activity is defined as the production of 1 mmol of unsaturated product per min. The formation of 1 mmol of unsaturated uronide per min was taken to correspond to 1.73 A units per min (Zucker and Hankin, 1970) .
Crystals and Data Collection
Crystals of PelC were grown from ammonium sulfate (Yoder et al., 1991) . Attempts to prepare a PelC-Ca2+ complex were unsuccessful, either by co-crystallization under low ionic strength conditions or by diffusion of Ca2' into crystals from which the ammonium sulfate had been removed. The PelC-Lu3+ complex was prepared by co-crystallization techniques. LuC1, was added to the native crystallization solution [5.0 A,,,/mL protein, 1 .O M (NH,),SO,, and 50 mM Hepes, pH 6.91 to a final concentration of 1 mM. X-ray data were collected on two San Diego Multiwire Systems (San Diego, CA) detectors to a resolution of 2.2 A, as described previously (Yoder et al., 1993a) . The native PelC structure was solved by multiple isomorphous replacement techniques using four heavy atom derivatives, three of which substituted at unique sites.
The Refinement Method
The initial PelC protein model was built and partially refined as described previously (Yoder et al., 1993a) . Molecular dynamics techniques were used for refinement using the method of slow-cooling simulated annealing as implemented by X-PLOR (Briinger, 1992) . The reflection data were randomly divided into two sets: a working set composed of approximately 90% of the data sampled at random, and a test set composed of the remaining 10% of the data used for cross-validation of the refinement cycles (Briinger, 1993) . The protein parameter and topology files used in X-PLOR were those based on a survey of the Cambridge Structural Database by Engh and Huber (1991) . The weight of the crystallographic term in the molecular dynamics refinement was set to 50% of the value calculated from the empirical "check' procedure of X-PLOR (Briinger, 1993) using the first protein model. This value for the weight was determined subjectively by running severa1 refinements with different fractions of the calculated weight and assessing final model statistics, protein geometry, and model fit to electron density. The weight was kept constant through a11 but the final refinement cycles. Each cycle of refinement consisted of manual model building using FRODO (Jones, 1985) or O (Jones et al., 19911, followed by molecular dynamics refinement (Briinger, 1988 (Briinger, , 1991 . For the final model and statistics calculation, a11 reflections greater than 2 a were used (including the test data set) and the weight of the crystallographic term was gradually increased (to release stereochemical restraints) in five steps to the full value initially suggested in the X-PLOR empirical check.
Solvent molecules were added in four stages after the model was refined to a crystallographic R factor of 19.8%. The top peaks in the F,-F, electron density maps were visualized on a computer graphics terminal. Peaks satisfying reasonable distance and geometry criteria were assigned as water molecules, then further refined.
The cell constants of the PelC-Lu3+ crystals, belonging to space group P2,2,2,, were a = 72.6 A, b = 80.6 A, and c = 75.7 A, very similar to the native PelC crystals in which a = 73.4 A, b = 80.3 A, and c = 95.1 A. The PelC-Lu3+ diffraction data were scaled to the native data with a conventional scaling R factor of 23.9%. Using phases from the native PelC structure, and amplitudes from the PelC-Lu3+ derivative, a 2F,-F, electron density map of the PelC-Lu3+ structure was calculated. The model was manually examined and rebuilt, particularly in the Lu3+-binding site region. The model was refined using molecular dynamics techniques as described above.
Assignment of Secondary Structural Elements
Amino acids were assigned to secondary structural elements if they exhibited repetitive +, $ angles for the structural element and if a11 backbone amide hydrogens and carbonyl oxygens were involved in interpolypeptide hy- drogen bonds (Yoder et al., 199313) . Hydrogen bonds were defined by the program HBPLUS (McDonald et al., 1993) using the criteria of Baker and Hubbard (1984) , a donoracceptor distance of less than 3.9 A, and associated angles greater than 90".
Omit Map Calculations
Refined omit maps (Bhat and Cohen, 1984; Hodel et al., 1992) were calculated by omitting from the model a region of 8 A around a residue and refining the remaining model.
The atoms within a 3-A shell were restrained to avoid artificial movement into the omitted region. Simulatedannealing refinement was used with a slow-cooling protocol in which the initial temperature was set to 1000 K. The region was checked by comparing the model to the 2F0-Fc electron density map calculated from the omit map refinement .
Electrostatic Potential Calculations
Electrostatic potential calculations were made using the program DELPHI (Klapper et al., 1986; Gilson et al., 1988a Gilson et al., , 1988b , that were unresolved in the electron density maps.
Coordinate Deposition
The complete coordinate file of PeIC is being processed by the Brookhaven Protein Data Bank (Bernstein et al., 1977) .
RESULTS
Refinement Stages and Progress
Refinement results for PeIC from eight cycles of manual model building followed by molecular dynamics refine- Figure 2 . A plot of backbone dihedral angles, </> and i|/, for all nonterminal residues in the final model of PeIC. Gly residues are indicated by triangles. Regions of the plot are represented by shading; the darker the area, the more favorable the <i >, i/< combination. The lightest region is disallowed. Residues in generously allowed and disallowed regions are labeled. ment are summarized in Table I . The first four models had no solvent molecules, and the fourth model is essentially the model described by Yoder et al. (1993a) . The fifth and sixth models included 35 and 78 water molecules, respectively. For the seventh model, an additional 28 water molecules were added. As in the previous two models, the water molecule positions were constrained. Due to the minimal change in refinement statistics with model 7, the refinement for model 7 was repeated (model 7b) with water constraints removed. Eight additional water molecules were added to the eighth cycle to give the current model.
Quality of the Final Model
The model described contains all residues of the mature protein except for the C-terminal Lys residue. Density for that residue was uninterpretable in all maps calculated and is assumed to be disordered. For the remainder of the molecule, residues 1 to 352, there is strong connectivity in the 2F 0 -F c electron density maps, and all carbonyl oxygen bulges are apparent. The mean coordinate error was estimated by two methods. The coordinate error estimated from a cr A plot (Read, 1986 ) is 0.25 A. The overall coordinate error as estimated by plotting the R factor as a function of resolution (Luzatti, 1952 ) is approximately 0.22 A when compared to theoretical curves for constant error (Fig. 1) . The final refinement statistics of the current PeIC model are summarized in Table II . dues, 250 (83.1 %) are in most-favored regions and another 48 (15.9%) are in additional allowed regions, as defined by the program PROCHECK (Lawkowski et al., 1992) . Two residues, Ala'50 and Tyr'68, are in generously allowed regions. Ala'50 is at the end of a p strand and begins a large loop. Tyr268 is in a turn within a loop near the C terminus of the core parallel p helix. Both residues have strong main-chain and side-chain electron density. One residue, ArgZo3, is in a disallowed region, with a 4 angle of 155.5" and a I , ! I angle of 78.2". Figure 3 shows the electron density around Arg203 in both the 2F,-F, electron density map and a refined, annealed omit map. A possible explanation for this feature is presented in "Tertiary Structure of PelC." There is one cis-Pro, Pro'''. This residue is conserved in a11 reported bacterial extracellular Pel sequences (Hinton et al., 1989) and is also a cis-Pro in PelE from E. chrysanthemi (Lietzke et al., 1994) .
Backbone Dihedral Angles
Side-Chain Parameters
The side-chain density of a11 residues is clear except for eight surface residues: Thr16, L Y S~~, L Y S~~, Lys109, Asn16', L Y S *~~, Asn321 , and L~s~~~. The x1 and x2 stereochemical parameters compare favorably with a survey of high-resolution protein structures by Morris et al. (1992) . A plot of x1 versus x2 (Lawkowski et al., 1992) flags 18 of 185 residues as deviating more than 2.5 u from the ideal (Fig. 4) . Of the 18, only 5, Ile94, Leu148, Trp309, and Gln3? are neither Asp nor Asn residues. Both Asp and Asn are reported to exhibit a wide distribution of x2 angles (Janin et al., 1978) . Figure 5 shows the average B factor as a function of residue number. The avera e temperature factor for a11 factor is 19.5 A2, whereas the average side-chain B factor is slightly higher, 21.6 A' . Plant Physiol. Vol. 107, 1995 in blue in Figure 5B . Seven residues have average temperature factors below 10 A': Phe'03, Glyio4, Vali35, Ala'68, IleI7', Ala174, and GlyZz4. A11 of these residues except Gly224 reside on three adjacent rungs of the parallel p helix, dose to or within /3 sheet PB1. The region of lowest B factors in a protein may correspond to the protein folding core. The slow proton exchange core, containing the three to eight slowest-exchanging protons, has been shown to be the protein folding core of bovine pancreatic trypsin inhibitor (Kim et al., 1993) . Lumry and Gregory (19861, in a discussion of hydrogen exchange rates in proteins, predicted that the atoms of lowest crystallographic B factors would be the slow proton exchanging core of the protein. Therefore, the seven residues listed above with the lowest average B factors may indicate a possible protein folding nucleation site, and are indicated in black in Figure 5B .
Temperature Factors
Tertiary Structure of PelC
The core structure of the protein is formed from three parallel p sheets and is the first example of an all-parallel p domain (Yoder et al., 1993a) Figure 6 . The three p sheets are composed of 6 to 10 p strands, and each p strand has two to five residues. The minimum number of amino acids in each turn of the parallel / 3 helix in PelC is 22. The axial re eat per residue vertically along the central helix is 4.86 1. The rise per residue is 0.22 A, and the aC-aC repeat distance of amino acids along the polypeptide chain within the core structure is 3.8 A.
Disulfide Bonds
Both disulfide bonds of PelC occur in externa1 loop regions. One disulfide bond, between Cys7' and C Y S '~~, joins two of the largest loops that extend out from the central parallel p helix (Fig. 6A) . The second disulfide bond, between C Y S~'~ and CysJ5', bridges the 23-residue loop at the C-terminal end of the molecule (Fig. 6B) . In both disulfide bonds one of the Cys's is part of a short, three-residue 3,, helix (Cys7' and Cys3"). The other Cys of the bridging pair lies in either an a helix region (CYS~'~) or on a loop (CYS'~~). 
Secondary Structure
The amino acids that make up the secondary structural elements are listed in Table III . Secondary structural assignments are conservatively defined as those in which the hydrogen-bonding pattern between main-chain carbonyl oxygen and amide hydrogen atoms is complete and all backbone dihedral angles fall within ranges typically observed for the structural element. The molecule is predominantly/3 structure; of the 352 amino acids, 95 amino acids, or 27%, form/3 strands. Only 8.5% of the amino acids are involved in c~ helices, and 2.2% are involved in 3~0 helices. Two of the c~ helices, B and D, are terminated by short 3~0 helices, B' and D', following a one-residue kink. All of the helices are peripheral to the core structure.
Loops and Nonrepetitive Structure
Loops are residues in the polypeptide chain between one secondary structural element and the next (Richardson and Richardson, 1989) . In PelC there are three major regions of loops between the three parallel/3 sheets. T1 refers to the loop between /3 strands of PB1 and PB2, T2 is the loop between /3 strands of PB2 and PB3, and T3 is the loop between/3 strands of PB3 and PB1.
Loops are described as simple or compound using the taxonomy defined by Ring et al. (1992) . There are three types of simple loops: straps are linear; co loops are nonlinear and flat; and ~ loops are nonlinear and globular. The latter definition of co loops differs from that of Leszczynki and Rose (1986) , who defined co loops on the basis of the close proximity of the segment's termini. The loops of PelC are summarized in Table IV . The protein has one compound loop, located on a long loop extending from the core structure in the T3 region. Of the remaining 30 simple loops, 15 are straps, 8 are co loops, and 7 are ~ loops. The number and conformation of the residues within the T1 and T3 regions are quite variable from rung to rung of the parallel/3 helix of PelC. In contrast, the residues within the T2 turn maintain the same conformation throughout the parallel /3 helix (Yoder et al., 1993b) , and form a tworesidue turn with average q) and ~b angles of 56.7 ° and 34. residue. The unusual two-residue turns between PB1 and PB2 in the T2 region are discussed in detail by Yoder et al. (1993b) . Table IV lists only six T2 loops. The seventh T2 turn, from residue 280-281, is included in turn 27.
Side-Chain Stacking Interactions
The side-chain atoms of PelC show a high degree of organization, forming numerous linear stacking arrangements, characterized by the types of amino acids found in the stack. Four different types of stacks are observed, including aromatic and ringed-residue stacks, an Asn ladder, a Ser stack, and several aliphatic stacks. Side-chain stacks are more prominent on the interior of the parallel/3 helix, although a few are found on the exterior side. Side-chain interactions are discussed in more detail by Yoder et al. (1993b) .
Salt Bridges
PelC has 9 Arg, 21 Lys, 6 His, 24 Asp, and 8 Gin residues. Inspection of these residues in the PelC structure reveals 14 salt bridges formed between side-chain atoms of charged residues, and these are listed in Table V . Because most of the charged residues in PelC are localized in a surface groove formed by external residues on /3 sheet PB1 and turn T3, the majority of the salt bridges, 9 (60%), are also found in this groove.
One salt bridge of particular interest stabilizes a T1 loop, between /3 sheets PB1 and PB2. The two residues in the ionic interaction, Arg 2°3 and Asp TM, are the only charged residues on the interior surface of the parallel/3 helix, and Arg 2°3 is the only residue in the molecule with backbone dihedral angles q~ and ~b in an unacceptable region of Ramachandran space. It is possible that the salt bridge helps stabilize the loop and explains the unusual dihedral angles. Neither Asp TM nor Arg 2°3 is conserved in the other Pels. The electron density around Arg 2°3 is quite strong, with clear density for the carbonyl oxygen (Fig. 3) .
Protonation of His Residues
PelC has six His residues. Only one His residue appears to be clearly doubly protonated. His 145 forms hydrogen bonds with both imidazole nitrogens acting as a hydrogen donor. The N81 atom of His 14s forms a hydrogen bond with the 082 atom of Asp TM. The NE2 atom of His 14s forms a hydrogen bond with the carbonyl oxygen of Tyr 337. Two His's, His 2°8 and His 2°9, are both oriented outward relative to the parallel/3 helix at a turn. The Nal side-chain atom of His 2°8 is 2.64 ~ from the N81 atom of His 2°9. Which of the N81 atoms of His 2°8 or of His 2°9 is protonated cannot be determined; the hydrogen atom may be shared between the two nitrogen atoms. Both of the NE2 atoms of His 2°8 and His 2°9 form hydrogen bonds with the nitrogen atoms acting as proton donors. The His 2°s NE2 atom forms a hydrogen bond with the carbonyl oxygen of Thr 4, and the A s !a,. Helices are represented by coils, and/3 structure by arrows./3 sheet PB1 is yellow, PB2 is blue, and PB3 is red. Turn T1 is between PB1 and PB2, turn T2 is between PB2 and PB3, and turn T3 is between PB3 and PB1. Disulfide bonds are dark orange. Views B and C are 90 ° rotations about a centrally located vertical and horizontal axis, respectively, relative to view A. The image was generated by the program MolScript (Kraulis, 1991 p strands are named with a two-part label. The first part indicates the p sheet it belongs to (if any). The second part is the sequential numbering of the p strand within that p sheet.
N E~ atom of HisZo9 forms a hydrogen bond with the carboxylate O61 atom of AspZ3'.
The protonation state of HisZz8 is somewhat unclear. One nitrogen, N E~, clearly forms a hydrogen bond with a sidechain carboxylate oxygen of AsP'~~. The second nitrogen atom interacts with the hydroxyl group of Tyr337. Whether the nitrogen atom acts as a proton acceptor or donor is unclear. It appears that the N E~ atom of HisZz8 is probably unprotonated, based on a possible hydrogen-bonding network of residues Tyr7, Serzo6, and Tyr3", but the assignment of hydroxyl hydrogens on the Tyr and Ser residues is ambiguous.
The protonation state of the other two His residues, H~s '~~ and HisIR6, cannot be determined. The N E~ atom of His"' appears to be protonated, acting as a proton donor in a hydrogen bond with the 0 6 2 carboxylate oxygen of G~u '~~ acting as the acceptor. The NSI atom of His'" has no apparent hydrogen-bonding partner in the vicinity, so the protonation of the atom is unknown. Likewise, H~s '~~ is completely surface accessible and the water structure in the area does not clearly indicate the protonation state of the residue. have at least three hydrogen bonds, one with each hydrogen-bond acceptor and donor from the water molecule. One water molecule forms only one apparent hydrogen bond, to the interna1 0~1 side-chain atom of GlnZz2. That water molecule has a high temperature factor, 63.6 A'.
Although it was refined as fully occupied, the site may in fact be only partially occupied.
The 88 surface water molecules have a slightly higher average temperature factor, 33.5 A' , indicating greater thermal motion. The majority of the surface water molecules, 81 of 88, can be considered as belonging to the first hydration shell, directly hydrogen bonded to protein atoms. The remaining seven water molecules are fixed by 
Ca-Binding Site
In the initial report of the PelC structure (Yoder et al., 19934 , a putative Ca2+-binding site was proposed to lie in a small pocket based on the heavy atom derivative information. The Ca2+ site was postulated to coordinate directly to three amino acids, Asp131, G1u166, and Asp17", and indirectly through solvent molecules to three additional amino acids, A s P '~~, Lys'", and Arg' ".
During the solvent refinement of PelC, the assignment of the electron density in the region was modified somewhat and an alternate view of the Ca2+ site emerged.
In the three residues previously proposed to coordinate directly to a Ca2+, there are only slight perturbations between the initial PelC model and the final PelC model presented here. The model changes occur around the residues previously proposed to coordinate with Ca2+ through a water: AsplZ9, Lys17', and Arg218. In the final refined structure of the native PelC protein, there is not enough electron density around either carboxylate of AsplZ9 to position a solvent molecule. The electron density for a solvent molecule between Arg2I8 and the Ca2+ site remains, but the distance between the solvent molecule and T3  T3  T1  T3  T1   T2   T3  T1  T2  T3   T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2  T3  T1 www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. the Ca2+ site is 5.4 A, too long to be considered a coordination ligand (Strynadka and James, 1989) . The electron density bridging the LysI7' NH3+ group to the Ca2+ site has remained strong throughout the refinement; the water oxygen is 2.6 A from the Ca2' site.
lnhibitor Binding Site: Lu3+
To clarify further the amino acids potentially involved in a Ca2+-binding site, the structure of a PelC-Lu3+ complex was determined. With an ionic radius of 0.93 A, Lu3+ is often used as an analog of Ca2+, with a radius of 0.99 A.
Lu3+ and other lanthanide atoms have been used to study structural aspects of Ca2+ binding (Colman et al., 1972) . LUCI, strongly inhibits the enzymatic activity of PelC (Fig.  8) . When 0.2 mM LuC1, is added to an enzymatic assay in the presence of 0.5 mM CaCl, midway through the experiment, the enzymatic rate decreases significantly, to 4% of the original rate. The enzymatic rate of PelC in the presence of 0.5 mM LuC1, is 0.8% of the rate with 0.5 mM CaC1,.
The co-crystallization of Lu3' with PelC yielded crystals that were isomorphous with the native protein crystals. Using reflection data from the PelC-Lu3+ crystal, and phases based on the native refined structure, a 2F,-F, map was calculated. The model was manually adjusted in O, and refined with one cycle of molecular dynamics refinement, using simulated annealing. The refinement statistics are summarized in Table 11 . No solvent molecules were included in the refinement of the PelC-Lu3+ model and their absence is reflected in the higher refinement R factor of 23.9% for the PelC-Lu3' model. Figure 9 shows the rms deviations of nonhydrogen atoms between the native PelC structure and the PelC-Lu3+ structure, plotted as a function of residue number. The average rms deviation between the two models is 0.35 A. Twelve residues had rms deviations greater than 1.0 A, with one greater than 2.0 A. L Y S " -~~ has an rms deviation of 2.35 A, but is a surface Lys, not involved in any salt bridges, in which the x3 and x4 angles were rotated by the method of refinement of the PelC-Lu3+ structure. The two residues with an rms deviation greater than 1.5 A, Asplz9 and LysI7', are both involved in Lu3+ coordination or in the Ca2+-binding site. Figure 10 shows the superposition of the native and Lu3+-bound complex at the Lu3+-binding site. In the PelCLu3+ structure, an approximate 90" rotation of the Asplz9 x1 bond results in the residue forming favorable coordination ligand geometry with the Lu3+ ion. Interestingly, the x4 bond of Lys'" rotates about 130", resulting in the NH3+ group facing away from the Lu3+-binding site. The water molecule near LysI7' in the native PelC structure, oriented toward the Ca3+-binding site, also moves about 3 A from the native site. The water molecule is approximately 4.3 8, from the Lu3+ ion and 3.8 A from the Lys'" NC atom.
AspI3' also exhibits a slight rotation about x1 and x2 such that both carboxylate oxygen atoms have similar geometry with regard to Lu3+ coordination. Table VI1 summarizes the residues involved in Lu3+ binding.
Putative Saccharide-Binding Site
Because the substrate is a linear saccharide polymer with iterated negative charges, a putative saccharide-binding site was first proposed by Yoder et al. (1993a) after visualization of the electrostatic charge distribution of the amino acids of the enzyme. PelC forms a long groove between turn T3 and p sheet PBI. The groove exhibits a concentrated region of charged acidic and basic residues. The groove of charged residues has maximum dimensions of 29 Table V 
. Salt bridges in PelC
A salt bridge is defined as an interaction between charged groups of two amino acids. A hydrogen bond is defined if the donor-acceptor (D-A) distance is less than 3.9 A, the hydrogen to acceptor (H-A) distance is less than 3.0 A, and the angles defined by the donor to hydrogen to acceptor (D-H-A), the hydrogen to acceptor to acceptor-antecedent, and the donor to acceptor to acceptor-antecedent are all greater than 90.0". Only the D-H-A angle is given in the table. The protonation state of Hisla6, His"', and His228 could not clearly be determined. However, their interactions with a negatively charged group are included for completeness. Ripoll et al. (1993) for acetylcholinesterase. Figure 11 shows the electrostatic isopotential surface of PelC, with Ca2+ included in the model. Contours of electrostatic potential drawn at values of +1 (blue) and -1 (red) kT/e exhibit a strong positive potential extending the length of the groove and outward from the groove. The field lines indicate that a negatively charged substrate, such as a galacturonate polymer, could be drawn inward and along the groove area.
D-A
Charged residues that may be involved in binding to a negatively charged oligogalacturonic acid through electro- Arg2I8, ArgZz3, and Of the 20 residues, only four are invariant in the extracellular Erwinia Pels . They include LYS'~~, Lys'", Ar g 218 , and Arg223 (Fig.   12 ). Charged groups of the four conserved residues are a11 within 4.8 to 9.9 A of the Ca2+ site and form an extended, L-shaped ridge 8.7 A by 10.0 A in length.
D I SC U SSI ON
To date, there are five examples of proteins exhibiting an all-parallel p domain motif (Sprang, 1993) . The proteins include PelC and PelE from E. chrysanthemi, a Pel from Bacillis subtilus (Pickersgill et al., 1994) , one domain of alkaline protease from Pseudomonas aeruginosa (Baumann et al., 1993) , and Salmonella typhimurium P22 tailspike protein (Steinbacher et al., 1994) . A11 of these proteins are extracellular and thought to be involved in virulence. It is not known whether the nove1 topology has any functional significance or is simply related to the need of extracellular proteins to have a stable structure in a hostile environment. Curiously, four of the five proteins also require Ca2+, although for very different reasons. Alkaline protease binds Caz+ within the turns of a 21-strand /3 sandwich. In the extracellular Pels, Ca2+ is required for catalysis, but its role is yet to be determined.
The three-dimensional structure of PelC suggests a possible Ca2+-binding site on the protein. At least three amino acids, Asp13', G1u'66, and Asp170, plus one water molecule, provide five possible ligands for Ca2+ coordination. AspI3l and Asp17' are invariant in a11 extracellular Pels and Glu'66 is a conserved Asp in the pel ADE family. The oxygen of one water lies within a proper distance to form a bridge between the Ca2+ site and a conserved residue, LYS'~'.
Moreover, the water also donates hydrogens to the invariant Asp13' and Aspl7', setting up a proton network around the Ca2+ site. Since the completion of the refinement of the PelC model, the structure of a Ca2+ complex with a distantly related Pel, B. subtilis Pel, was published (Pickersgill et al., 1994) . In the latter structure, Ca2+ coordinates to four carboxylate groups, corresponding to the analogous The distance from the Lu3+ ion to the five coordinating ligands are given for the PelC-Lu3+ structure. The comparative distances are also given for the native PelC structure. The atomic location of the Ca2+ is taken as the common uranyl and lead heavy atom derivative site.
PelC-Lu3+
PelC, Native Distance Distance Ligand A A In the structure of PelC bound to an inhibitor, the lanthanide ion Lu3+ is bound in the Ca2+-binding site. The side chain of AsplZ9 undergoes a significant rotation upon binding Lu3+, so that the carboxylate group is in a proper position to coordinate with the Lu3+. The movement of AsplZ9 to form a coordinating ligand to the Lu3+ ion is consistent to similar findings in which the substitution of lanthanide ions for Ca2+ ions is accommodated by either a slight decrease in bond distance or by an increase in coordination number (Martin and Richardson, 1979) . We speculate that the Ca2+ is shared by the substrate and enzyme during catalysis. By perturbing the local conformation and binding tighter through an extra protein ligand, AsplZ9, we believe that Lu3+ exhibits an inhibitory effect by blocking the proper binding of the substrate.
The enzymatic cleavage of polygalacturonic acid is known to occur through a p-elimination reaction (Fig. 13) .
Enzyme-catalyzed /3-elimination reactions have been proposed to proceed via either Elcb mechanisms (Feingold and Bentley, 1987; Gacesa, 1987) or by an E, mechanism (Gerlt and Gassman, 1992) . Because Pels bind a negatively charged substrate, it has been postulated (Gacesa, 1987) that the enzymes contribute a minimum of three groups to catalysis: one to neutralize the negatively charged substrate; one to abstract a proton from C, of the substrate; and one to transfer a proton to the glycosidic oxygen of the scissle bond. Although proton abstraction is generally car- (Gilkes et al., 1991) , the narrow, bell-shaped profile of the pH range, 8 to 10, for all Pels is unusual for saccharidases.
We speculate that Ca 2+ is shared by the enzyme and the substrate during catalysis, serving to neutralize the negative charge of the uronyl moiety and possibly the negative charge of the transition state as well. Ca 2+ is well known to exhibit variable coordination states (Strynadka and James, 1989) , a unique feature that may be important during the reaction pathway and that may render the metal ion essential for Pel activity. In contrast, pectin lyases cleave a neutral substrate. These enzymes do not require Ca 2+ but their in vitro activity can be stimulated by different types of cations, including Ca 2+ (Edstrom et al., 1963) .
To determine which amino acids might be involved in catalysis, the amino acid sequence of the Pel superfamily, including extracellular Pels, pectin lyases, and plant pollens, were realigned based on a comparison of the PelC and PelE structures . In the cation-binding region, only two residues with chemical properties compatible with catalysis were found to be invariant across the superfamily: Asp TM and Arg 218 in PelC. Given the high pH optima for catalytic activity, the invariant Arg is essential for catalytic activity, perhaps in the stabilization of the negatively charged transition state. In contrast, it is more difficult to explain a catalytic role for the invariant Asp. Not only are both carboxyl oxygens directly coordinated to the Ca 2+, but the invariant Asp is not likely to act as an acceptor of the C s proton at high pH, given the very ionic local environment. Perhaps the invariant Asp could be involved in the transfer of the proton to the glycosidic oxygen through a proton network that surrounds the cat- ionic site. Additional biochemical data are needed to clarify the roles of the invariant amino acids.
